Gd(OH) 3 nanorods have been prepared via hydrothermal growth, and their microstructures are characterized by x-ray diffraction, high-resolution transmission electron microscopy and electron energy loss spectroscopy. The diameters of the Gd(OH) 3 nanorods are 15-20 nm and the lengths are 150-250 nm. The nanorods are single crystalline with clean surfaces, and they grow preferentially along the [001] direction.
Introduction
One-dimensional (1D) nanostructures, such as nanowires and nanotubes, have numerous potential applications in science and technology, due to their unique and fascinating electrical, optical and chemical properties, compared with bulk materials. Many methods have been developed to prepare one-dimensional nanostructures, ranging from solidvapour processes [1, 2] , laser vapourization, electrochemical techniques [3, 4] , hydrothermal treatment [5, 6] , virustemplating [7] , biomolecular-assisted synthesis [8] , exfoliating method [9, 10] to a conventional solution-phase route. Gadolinium oxide (Gd 2 O 3 ) is a promising candidate for waveguide applications, high dielectric constant gate dielectric films [11] , phosphor films [12] and scintillating films [13] . Gadolinium hydroxide has been used as the catalyser and sorbent, and the precursor for the preparation of Gd 2 O 3 by thermal dehydration. In this communication, we report a simple route to prepare single crystalline Gd(OH) 3 nanorods with high quality and purity via the hydrothermal method, which has been widely used to prepare nanostructures due to its simplicity, high efficiency and low cost. High-resolution transmission electron microscopy (HRTEM) is applied to analyse the Gd(OH) 3 nanorods.
Experimental details
The preparation of Gd(OH) 3 nanorods is similar to the method reported by Li [14] . In a typical procedure, 0.3 g of Gd 2 O 3 (99.99%) was first dissolved in a stoichiometric amount of HNO 3 to form a clear solution and the pH value of the solution was adjusted to 10-12 by adding NaOH solution (1 M) under vigorous stirring. The mixture was then transferred to a Teflonlined stainless steel autoclave and heated at 110-150
• C for 24 h. A white precipitate was collected, purified, and dried in air at ambient temperature. Powder x-ray diffraction (XRD) analysis was performed using a Philips PW3710 x-ray diffractometer with Cu Kα radiation. The morphology and structure of the products was determined using TEM in a JEOL 4000EX and a Philips CM30FEG microscope. The chemical composition of the product was analysed using electron energy loss spectroscopy (EELS) attached to the CM30. TEM samples were prepared by dispersing the powder in alcohol by ultrasonic treatment, positioning a drop onto a porous carbon film supported on a copper grid, and then drying in air. Figure 1 shows the powder x-ray diffraction (XRD) pattern from the as-prepared product. The peaks can be indexed as hexagonal Gd(OH) 3 with space group P63/m (no. 176), and lattice constants a = b = 0.63 nm and c = 0.36 nm (JCPDS card 83-2037). No impurity peaks were observed, demonstrating a high purity of the final product. The width of the peaks, however, is relatively broad compared with the XRD pattern of bulk Gd(OH) 3 , indicating a small crystal size. The average size was estimated from the full width at halfmaximum (fwhm) of the strongest XRD peak (100) using the Scherrer equation, which assumes the small crystallite size to be the only case of line broadening:
Results and discussion
where D is the mean crystallite dimension, K the crystallite shape constant, θ the Bragg angle, λ the x-ray wavelength and Figure 1 . XRD pattern of the as-prepared product, indexed as hexagonal Gd(OH) 3 .
β the fwhm of the peak. The calculated size from the (100) peak is 12.5 nm. The composition of the Gd(OH) 3 nanorods was analysed using electron energy loss spectroscopy (EELS). Figure 4 shows a typical EELS spectrum taken from a free-standing Gd(OH) 3 nanorod. The edge of the O K peak is located at 532 eV; the edges of the Gd M 4,5 peaks are located at 1217 and 1185 eV, respectively. No traces of Na (K edge at 1072 eV) were observed in the nanorods although the product was prepared in an NaOH solution. The inset is the low-loss spectrum of the Gd(OH) 3 nanorod. There are two strong peaks Single-crystalline nanowires have been extensively studied. Their formation is clearly related to the fact that the growth rate along one crystallographic direction is significantly faster than along the other directions. The structure of Gd(OH) 3 is hexagonal P63/m and the Gd atoms array as infinite linear chains, parallel to the c-axis ( figure 5(a) ). The distance between the two neighboring Gd atoms is 3.6 Å, corresponding to the unit-cell parameter c. Each chain is surrounded by three other chains, which are displaced by c/2 with respect to the central one, and form hexagonal tunnels where OH groups are inserted ( figure 5(b) ). It is clearly shown that hexagonal Gd(OH) 3 has a highly anisotropic structure along the c-axis. Gd 2 O 3 particles were first dissolved in HNO 3 to form a clear solution in our experiment; white precipitates were subsequently formed by adding NaOH solution. The obtained precipitates might have many anisotropy seeds (e.g. Gd 3+ ions chains), which crystallized under the following hydrothermal process and grew into rod-like Gd(OH) 3 due to its anisotropic hexagonal structure. Meanwhile, faster ionic motion existed between the solution and the solid phase [15] , which allowed atoms or ions to adopt preferential positions in developing crystal lattices. Gd(OH) 3 nanorods can be prepared over a wide temperate and pH value range.
Conclusions
In summary, we have employed a simple hydrothermal method to fabricate Gd(OH) 3 nanorods with a diameter of 15-20 nm and length of 150-250 nm. Gd(OH) 3 nanorods are single crystalline with clean surfaces and with a growth direction preferentially along [001] . The formation mechanism is discussed in detail. This method has the advantages of high quality and high purity, and is suitable for large scale production.
